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ABSTRACT 

This paper presents a model of deposition rate in gas metal arc welding (GMAW). Some aspects of this 

model are also helpful to understand related processes such as MCAW, FCAW, SAW, SMAW, EGW, 

ESW and how-wire additions. Deposition rate is one of the essential factors in calculation of welding 

costs and times to completion in practical applications. The relationship of deposition rate with current is 

also determinant of dilution of deposited material (essential concept in overlays) and is a tool of 

diagnostic of the welding process. For some common materials such as aluminum alloys, the variations 

in deposition rate with current are not well understood, and common explanations might be misleading. 

The foundations of the model are mass and energy balances together with the mass and heat transfer 

mechanisms involved. Heat transfer mechanisms considered include the energy deposited by the fall 

voltage of the arc against the consumable, Joule heating of the electrode extension, evaporation losses, 

and heat exchange with the contact tip. The calculation of Joule heating considers the amount and shape 

of electrical resistivity variation with temperature. The approach presented is in contrast with the 

common use of company literature for the relationship between current and wire feed speed, or with the 

use of a second order expression with tabulated constants specific for particular materials and process 

configurations. The model developed allows to predict the effect of electrode extension and droplet 

temperature, which are not explicit in current approaches. 

 

Keywords: arc welding, droplet temperature, deposition rate 

INTRODUCTION 

Wire-fed processes have the unique property that deposition rate and penetration are 

coupled, since both are controlled by the same current. The knowledge of the relationship 

between current and wire feed speed is essential for the determination of welding 

procedures and is provided in commercial consumable literature. 

Commercial literature, however, does not capture the effect of electrode extension and 

shielding gas. More importantly, when commercial literature is not available, trial and 

error is the only practical resource left. Much of the commercial literature is now 

migrating to apps created by the suppliers, yet novel or unusual alloys are not covered in 

the apps either. The problem of determining procedures using novel consumables is 
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especially relevant in wire arc additive manufacturing (WAAM), which involves alloys 

seldom used in welding such as titanium and Inconel. 

Attempts to generalize the relationship between current and deposition rate include the 

use of expressions such as [1] 

�̇�  =  𝐶1𝐼 +  𝐶2𝐼
2         (1) 

where C1 and C2 are empirical constants determined for a given consumable. The problem 

is again, for new alloys without these empirical constants, there is no guidelines for 

procedure development. An understanding of the relationship between current and 

deposition rate will also yield light into droplet temperature, which is one of the main 

parameters determining fume formation. 

Past work has focused on the mass and energy balance during deposition rate, in 

GMAW early work was done by Lesnewich [1], Halmoy [2], and Waszink [3]. More 

modern references include [4–6]. In all these cases, knowledge of droplet temperature and 

vaporization rate are needed, but not available. 

This work aims to extend previous efforts by incorporating measured values of droplet 

temperature and estimating vaporization rates and metal transfer geometries with more 

detail than any previous research. 

EXPERIMENTS 

Droplet temperature was measured using the setup described in [8] illustrated in Fig. 2, 

and the techniques developed in [9–14]. The values of wire feed speed for steel and pure 

iron are illustrated in Fig. 1, showing a good match with the tabulated values in [7], but 

also showing a lower wire feed speed in pure Fe electrode that could not be anticipated. 

The values of droplet temperature obtained are illustrated in Fig. 3. the trends obtained 

are consistent with all previous observations, featuring a “dip” at the point of transition 

from globular to spray transfer. It is interesting to observe that the droplet temperature in 

aluminum alloys decreases greatly with the amount of Mg present in the alloy, as first 

identified in [8]. Similarly, ER80S-G, which contains the high vapor pressure element 

Mn, displays a lower droplet temperature than the pure iron electrode. 
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Fig. 1 Left: Typycal representation of current and wire feed speed in solid-steel wire in the 

commercial literature [7]. Right: Measurements of 1.2 mm wire in experiments performed. 

 

Fig. 2 Experimental setup for measuring droplet temperature [8] 
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Fig. 3 Droplet temperature in experiments performed. Markers indicate independent 

measurements, and trendlines correspond to a moving average of two points. 
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MASS BALANCE 

Consider a melting wire in GMAW with free-flight transfer, as illustrated in Fig. 4. 

Consider times t1 and t2 corresponding to similar stages of two different droplet 

detachments. The time interval between t1 and t2 contains a large number of detachment 

cycles. 

 

Fig. 4: Sequence of droplet detachments in a time interval. 

A mass balance between t1 and t2 in the control volume indicated in Fig. 4 establishes: 

𝑚in  =  𝑚out (2) 

where min and mout are the mass that entered and left the control volume between times t1 

and t2. The average mass rate between t1 and t2 can be calculated as 

�̇� =
𝑚

𝑡2−𝑡1
         (3) 

resulting in 

�̇�in = �̇�out          (4) 

The notation stands for a time average mass rate, it is not an instantaneous value. 

MASS ENTERING THE CONTROL VOLUME 

The mass rate entering the control volume is given by the wire feed speed and wire cross 

section. This equation is valid for processes with constant wire feed speed such as 

standard GMAW or CV-SAW, and variable wire feed speed such as CC-SAW or Fronius 

MCT GMAW. 

�̇�in  =  �̇�C = 𝜌C𝐴C𝑈C      (5) 

where ρC are the density, AC cross sectional area, and feeding speed of the wire. 
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MASS LEAVING THE CONTROL VOLUME 

The mass exiting the control volume does it either as molten metal (in the form of 

droplets and spatter), and metal vapors evaporated from the surface of the droplet: 

�̇�out = �̇�MC + �̇�V        (6) 

For the steel experiments performed, the estimated amount of vaporized metal is always 

below 1% by mass, while for the aluminum experiments, for the Mg-containing alloys it 

was estimated as reaching up to about 4%. 

OVERAL MASS BALANCE 

The overall heat balance is obtained by combining equations 4, 5, and 6: 

�̇�C − �̇�MC − �̇�V = 0      (7) 

ENERGY BALANCE IN GMAW 

Similarly as with mass balance, consider the same control volume, and times t1 and t2 in 

Fig. 4 corresponding to similar stages of two different droplet detachments. Because the 

thermal expansion in the solid or molten metal and the heat generated by viscous 

dissipation are very small, the conversion between mechanical and thermal energy is 

negligible in either direction, and the energy balance is in practice a heat balance. 

An energy balance in the control volume between t1 and t2 establishes: 

𝑄in − 𝑄out + 𝑄gen = 𝑄st      (8) 

where Qin and Qout are the thermal energies that entered and left the control volume 

between times t1 and t2. Qgen is the amount of heat generated inside the control volume, 

and Qst is the amount of thermal energy stored inside the control volume during the time 

interval. 

Because at times t1 and t2 the control volume contains wire and droplets at the same 

stage of detachment, the amount of thermal energy contained inside the control volume is 

the same, so the amount of heat stored between t1 and t2 is 

𝑄𝑠𝑡 = 0         (9) 

 

An average heat rate between t1 and t2 can be calculated as  

𝑞 =
𝑄

𝑡2−𝑡1
        (10) 

resulting in the following overall energy balance: 

𝑞in − 𝑞out + 𝑞gen = 0  (11) 
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which also accounts for the absence of heat stored. Similarly as before, the notation stands 

for a time average heat rate, not an instantaneous value. 

HEAT ENTERING THE CONTROL VOLUME 

The heat rate entering the control volume is given by five components: advection by the 

incoming wire qadvin, heat from the arc column towards the electrode qAC,C, heat 

conducted from the contact tip to the consumable qCT,T, heat generated by the electrical 

resistance at the point of contact with the contact tip qCT,C, and overall fall voltage qCfall on 

the surface of the electrode. The heat generated by the contact tip contact resistance and 

the heat generated by the fall voltage are considered to be created at the surface of the 

electrode: 

 𝑞in = 𝑞advin + 𝑞AC,C + 𝑞CT,C + 𝑞Ccont + 𝑞Cfall    (12) 

HEAT LEAVING THE CONTROL VOLUME 

The heat rate leaving the control volume is given by two components: advection by the 

molten metal and by metal vapors qadvout and heat lost towards the environment qC,env: 

𝑞out = 𝑞advout + 𝑞C,env      (13) 

HEAT GENERATED INSIDE THE CONTROL VOLUME 

The heat rate generated inside the control volume is given by the heat generated by Joule 

heating in the electrode extension qEE. 

𝑞gen = 𝑞EE + 𝑞MCJoule        (14) 

OVERALL HEAT BALANCE 

The overall heat balance is obtained by combining equations 11, 12, and 13: 

𝑞advin + 𝑞AC,C + 𝑞CT,C − 𝑞advout − 𝑞C,env + 𝑞EE + 𝑞Ccont + 𝑞Cfall + 𝑞MCJoule = 0  (15) 

𝑞advtot + 𝑞AC,C + 𝑞CT,C − 𝑞C,env + 𝑞EE + 𝑞Ccont + 𝑞Cfall + 𝑞MCJoule = 0  (16) 

where 

𝑞advtot = 𝑞advin − 𝑞advout      (17) 

 

For the steel experiments performed, 80% to 90% of the heat comes was estimated to 

come from the anode fall voltage, and about 10% from the electrode extension. For the 

aluminum experiments performed, 90% to 95% came from the anode fall voltage, with 
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about 1% of the heat coming from the electrode extension. The consumable loses heat to 

the environment by the mechanisms of convection and radiation, which were determined 

to be negligible under typical conditions [15]. 

METAL TRANSFER GEOMETRY 

Metal transfer in free-flight has several different configurations [16, 17]. For the droplet 

temperature measurements performed, we will consider two representative geometries, 

illustrated in Fig. 5. This simplification is made acknowledging future work should be 

able to capture further subtleties, such as the presence of a molten tail in streaming spray 

transfer. 

In the geometry considered, dMC is the droplet diameter and LAC,C is the attachment of 

the arc to the electrode. The size of this attachment is a property of the arc, and there are 

currently no guidelines on how to predict it. In this work, it will be approximated based 

on experience as 

𝐿AC,C = 𝑑C/2       (18) 

In solid wire processes, the droplet diameter is often estimated from droplet 

detachment frequency, neglecting the mass lost to evaporation in Eq. 7: 

𝑑MC = (
3

2

𝜌C

𝜌MC

𝑈C𝑑C
2

𝑓MC
)

1
3⁄

       (19) 

The area of attachment of the arc to the droplet, in the case of globular transfer is 

approximated as 

 𝐴AC,C = 𝜋𝐿
2
AC,C      (20) 

The detachment frequency in the experiments was measured approximately and only in 

some experiments. An empirical fit based on welding current was generated. 

𝑓MC = {
𝐶 𝐼                𝑓𝑜𝑟 𝐼 ≤ 𝐼C
𝐴 𝐼 − 𝐵       𝑓𝑜𝑟 𝐼 > 𝐼C

      (21) 

where Ic, A and B are constants determined empirically, and C = A B/Ic. For the case of a 

pure Fe consumable, the detachment frequency was not measured, but it is assumed to be 

the same as in ER80S-G, with fMClow =50 s−1, A =1.565 s−1A−1, B =231.8 s−1, and Ic =180 

A. The detachment frequency of all aluminum wires was similar, and the same empirical 

expression is used for all, with with fMClow =25 s−1, A =2.688 s−1A−1, B =319.9 s−1, and Ic 

=128 A. The droplet diameters estimated for the experiments performed are between 0.95 

and 2 times the wire diameter. 
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COMPONENTS OF MASS BALANCE 

TOTAL MASS EVAPORATED 

The total mass evaporated is the sum of vaporization of all components of the alloy: 

�̇�V = ∑ �̇�V𝑗𝑗        (22) 

 

Fig. 5 Representative configurations for globular (left) and spray transfer (right) 

where �̇�𝑉𝑗is the mass rate of evaporation of each alloying element, e.g. Fe, Mn, etc. in 

steels, or Al, Mg, etc. in many aluminum alloys. Because of the different vapor pressures 

of each alloying component, evaporation does not follow the stoichiometry of the melting 

electrode. For the case of steel wires containing 1.7 wt% Mn, about 55 wt% to 75 wt% of 

welding fumes are Mn, the rest is Fe, with negligible amounts of other alloying elements. 

For the case of aluminum, the Mg-containing alloys, Mg can also make up to 75 wt% of 

their fumes, the rest Al, with negligible amounts of the other alloy components. 

EVAPORATION KINETICS 

In an alloy, the evaporation of each component is proportional to its mass flux and area of 

evaporation: 
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�̇�V𝑗 = �̇�
′′
V𝑗𝐴MC      (23) 

while the mass flux of each component is proportional to the partial vapor pressure of the 

component and inversely proportional to the resistance to mass transfer it encounters 

�̇�′′V𝑗 =
𝑀𝑗𝑝lg𝑗

𝑅 𝑇MC𝑠𝑢𝑟𝑓

1

ℜ′′𝑡𝑜𝑡𝑗
                                              (24) 

The partial vapor pressure of the component is proportional to the activity in the alloy 

[18] 

𝑝𝑙𝑔𝑗 = 𝑎𝑗 𝑝lgpure j       (25) 

Where 𝑝𝑙𝑔𝑝𝑢𝑟𝑒 𝑗is the equilibrium vapor pressure of element j in pure state. In this case, we 

will approximate the activity 𝑎𝑗using Raoult’s law: 

𝑎𝑗 = 𝑓𝑚𝑜𝑙𝑗        (26) 

 

The vapor pressure of the component is typically tabulated as: 

log 𝑝𝑙𝑔𝑝𝑢𝑟𝑒 𝑗 = 𝐴 +
𝐵

𝑇𝑀𝐶surf
+ 𝐶 log𝑇𝑀𝐶𝑠𝑢𝑟𝑓 +𝐷 𝑇𝑀𝐶𝑠𝑢𝑟𝑓10

−3    (27) 

 

with the values of A, B, C, D listed in [19], with a special treatment for Si from [20]. The 

magnitudes �̇�′′V𝑗 ,which depends on droplet temperature, and AMC vary as the droplet 

forms between successive detachments. In the calculations performed, TMCsurf will be 

assumed to be the average temperature of the droplet just before detachment and AMC the 

electrode tip geometry just before detachment. 

The total resistance to mass transfer of component j as having three components: 

resistance to diffusion through a boundary layer of alloy depletion on the surface of the 

melt, (ℜlj), resistance to evaporation under a partial pressure of vapor j (ℜ lg,j), and 

resistance to diffusion through a boundary layer in the gas phase, outside which the partial 

pressure of vapor j is 0. 

ℜ′′𝑡𝑜𝑡𝑗 = ℜ′′𝑙𝑗 +ℜ′′𝑙𝑔𝑗 +ℜ′′𝑣𝑗     (28) 

with 

ℜ′′𝑙𝑗 =
1

ℎ𝑙𝑗
        (29) 

ℜ′′𝑙𝑔𝑗 = √
2𝜋𝑀𝑗

𝑅𝑇𝑀𝐶𝑠𝑢𝑟𝑓
       (30) 

ℜ′′𝑣𝑗 =
1

ℎ𝑣𝑗
        (31) 

where h indicates the convection coefficients for mass transfer. The mass transfer 

resistance of the solvent in the molten consumable (e.g. Fe in steels consumables and Al 

in aluminum alloys) has a resistance ℜ”𝑙𝑠𝑜𝑙𝑣𝑒𝑛𝑡 = 0. 
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In steels, the dominant resistance to evaporation is the vapor boundary layer, with 

approximately 95% of total resistance for Fe, and 85% for Mn. The resistance to mass 

transfer of Mn in the alloy-depleted melt surface is approximately 10%. In aluminum 

alloys, the vapor boundary layer is dominant for Al (97%) and Mg (80%), the resistance 

to mass transfer of Mg in the liquid is of the order of 17%. In all cases, the resistance to 

evaporation at the surface (Rlg
′′ ) is below 10%. This is an important finding indicating the 

importance of boundary layers in mass loses by evaporation, which are often omitted in 

the welding literature. 

Diffusion in the melt 

For the melt near the surface, being a free surface, the characteristic velocity of the 

fluid is not affected by a viscous boundary layer, and mass transfer parameters can be 

estimated as  

ℎ𝑙𝑗 =
𝑆ℎ𝑀𝐶𝑗𝐷𝑀𝐶𝑗

𝑑𝑀𝐶
          (32) 

Sh𝑀𝐶𝑗 = 2 + 0.5 Re𝑑𝑀𝐶

1
2⁄ Sc𝑀𝐶𝑗

1
2⁄              (33) 

𝑅𝑒𝑑𝑀𝐶 =
𝑈𝑀𝐶𝑑𝑀𝐶

𝜈𝑀𝐶
                 (34) 

𝑆𝑐𝑀𝐶𝑗 =
𝜈𝑙

𝐷𝑀𝐶𝑗
                         (35) 

where DMCj is the diffusivity of component j in the melt, UMC is the characteristic velocity 

of molten metal inside the droplet, and νMC is the kinematic viscosity of the molten metal 

at the bulk temperature of the droplet TMC. The constant 2 accounts for mass transfer by 

static diffusion. 

The range of ShMC spans from orders of 101 to 103 in steels and aluminum alloys, 

indicating that convection dominates over molecular diffusion in the liquid in most cases. 

The range of ScMC spans from orders of 101 to 105 in steels and aluminum alloys, 

indicating that the diffusion occurs in a much narrower range than momentum transport in 

the liquid. 

Diffusivities in the liquid are typically expressed as 𝐷𝑀𝐶𝑗 = 𝐷0𝑗𝑒𝑥𝑝[−𝑄𝑗/(𝑅𝑇)] 

tabulated in [21] for steels, in [22,23] for aluminum, and also in [24,25] for more base 

alloys. The temperature used for diffusivity and kinematic viscosity is that of the surface 

of the molten metal, 𝑇𝑀𝐶𝑠𝑢𝑟𝑓. 

The velocity of melt in globular transfer can be estimated roughly from [3] as shown 

below, with K =210−3 m s−1A−1: 

𝑈𝑀𝐶 = 𝐾𝐼       (36) 
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Diffusion in the gas 

For mass transfer in the gas phase, two cases must be considered: evaporation in an 

inert atmosphere such as GMAW of aluminum alloys using pure Ar shielding, and 

evaporation in a reactive atmosphere such as GMAW of steel alloys using Ar-O2 or Ar-

CO2 shielding. In this paper we consider only the first case. In the second case, the 

reaction reduces the thickness of the boundary layer, resulting in increased evaporation 

[26,27] and fumes formation [28,29]. The association of carbon with oxygen on the 

surface of the melt results in an energy source that might be significant, and also on 

decarburization of the melt. 

For the case of diffusion of metal vapors in an inert atmosphere, the convection 

coefficient for mass transfer can be estimated using the common correlation for 

convection around spheres [30], also used in [31]. 

ℎ𝑉𝑗 =
𝑆ℎ𝐴𝐶𝑗𝐷𝐴𝐶𝑗

𝑑𝑀𝐶
       (37) 

𝑆ℎ𝐴𝐶𝑗 = 2 + 0.6 𝑅𝑒𝐴𝐶
1
2⁄  𝑆𝑐𝐴𝐶𝑗

1
3⁄      (38) 

𝑅𝑒𝐴𝐶 =
𝑈𝐴𝐶𝑑𝑀𝐶

𝜈𝐴𝐶
       (39) 

𝑆𝑐𝐴𝐶𝑗 =
𝜈𝐴𝐶𝑗

𝐷𝐴𝐶𝑗
       (40) 

where νAC is the kinematic viscosity of the plasma and 𝐷𝐴𝐶𝑗  is the diffusivity of vapor 

element j in the plasma. Both properties are evaluated at a “film temperature” 

intermediate between the molten surface (of the order of 3000 K for the case of steel and 

aluminum) and the plasma temperature outside the plasma boundary layer near the 

surface of the electrode (of the order of 7300 K for the case of Ar, resulting in a “film 

temperature” of approximately 5000 K). The kinematic viscosity and other 

thermophysical properties for the plasma are provided, for example in [32]. Typical 

values of 𝑆ℎ𝐴𝐶𝑗  are around 101, indicating convection is dominant. Typical values of 𝑅𝑒𝐴𝐶  

are of the order of 102. Schmidt numbers in the vapor are around 1.5. 

The velocity in the arc column UAC can be estimated as [33]: 

𝑈𝐴𝐶 =
1

2
√
𝜇0𝐼𝐽𝐴𝐶,𝑀𝐶

𝜋𝜌𝐴𝐶
𝑓𝑈𝐴𝐶       (41) 

where µ0 is the magnetic permeability of vacuum, 𝐽𝐴𝐶,𝑀𝐶  is the current density of the 

arc attachment with the electrode, and ρAC is the density of the plasma at approximately 

10000 K, also from [34]. The velocities predicted are of the order of 200 ms−1, consistent 

with typical plasma arc velocities. 

The plasma current density can be approximated as 

𝐽𝐴𝐶,𝑀𝐶 =
𝐼

𝜋 𝐿𝐴𝐶,𝑀𝐶
2        (42) 
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where LAC,MC is the radius of arc attachment, which will be approximated as half the 

consumable diameter; this rough approximation is consistent with the analysis in [3]. The 

correction factor 𝑓𝑈𝐴𝐶  is 

𝑓𝑈𝐴𝐶 = 0.55 (
𝑅�̂�𝐴𝐶

4
)
0.073

(
2𝐿𝑎𝑟𝑐

𝑑𝐶
)
0.0068

                     (43) 

Where 𝑅�̂�𝐴𝐶 is a nominal Reynolds number calculated using Eq. 41 without the correction 

factor 𝑓𝑈𝐴𝐶 . 

Diffusivity in plasmas is very complex [35], and it will be approximated here as 

diffusion in the gas phase using the Chapman-Enskog theory [36] 

𝐷𝐴𝑟,𝑗 =
𝐴 𝑇
3
2⁄

𝑝𝜎𝐴𝑟,𝑗
2 Ω𝑗𝑀𝐴𝑟,𝑗

1
2⁄

       (44) 

where DAr,j is the diffusivity of vapor element j in Ar in cm s−2, A =2.6610−3, p is the 

atmospheric pressure in bar, σ is the effective cross section of atoms in Å, MAr,j is 

𝑀𝐴𝑟,𝑗 = 2(
1

𝑀𝐴𝑟
+
1

𝑀𝑗
)
−1

      (45) 

where M is the molar weight of gases and vapors involved, and Ωj is given by [36]: 

Ω𝑗 =
1.06036

𝑇𝑗
∗0.15610 +

0.193

𝑒𝑥𝑝(0.47633 𝑇𝑗
∗)
+

1.03587

𝑒𝑥𝑝(1.52996 𝑇𝑗
∗)
+

1.76474

𝑒𝑥𝑝(3.89411 𝑇𝑗
∗)

  (46) 

where the value of 𝑇𝑗
∗ is provided by [27] 

𝑇𝑗
∗ =
𝑘𝑇𝑓𝑖𝑙𝑚

𝜖𝐴𝑟,𝑗
       (47) 

𝜖𝐴𝑟,𝑗 = √𝜖𝐴𝑟𝜖𝑗       (48) 

𝜎𝐴𝑟,𝑗 =
𝜎𝐴𝑟+𝜎𝑗

2
       (49) 

where ǫ is the parameter of a Lennard-Jones potential for each component, and it is 

tabulated. The area from which evaporation happens will be approximated as 

𝐴𝑀𝐶 = 𝜋𝑑𝑀𝐶
2 𝑓𝐴𝑀𝐶      (50) 

 𝑓𝐴𝑀𝐶 = 𝑒𝑥𝑝 [−
0.1335

1+2.225 ln2(𝑑𝑀𝐶/𝑑𝐶)
]                                     (51) 

where the correction factor fAMC is empirical, with the correct properties of becoming one 

when the droplet is very large in globular transfer, or when the droplet is very small in 

spray transfer. At the transition from globular to spray, when the droplet has the same 

diameter as the molten consumable, it has a value of 0.875, which is the intermediate 

between subtracting the cross sectional area of the consumable (as should be done in 

globular) and not (as is the case of spray). When the droplet has twice the diameter of the 
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consumable (chosen as a representative globular transfer situation), this function has the 

value of 0.9375, corresponding to subtracting the full cross sectional area of the 

consumable. This approximation does not consider the evolution of surface area as the 

droplet forms, it only considers the geometry present at detachment, which is an 

overestimation; conversely, it might underestimate the evaporation area in spray transfer 

mode in the case there is a long molten tail. 

COMPONENTS OF ENERGY BALANCE 

HEAT BY ADVECTION 

Advection is the transport of thermal energy due to the transport of mass. All mass flows 

involved in the mass balance also represent heat flows according to the following 

relationship 

 𝑞𝑎𝑑𝑣 = �̇�ℎ       (52) 

where qadv is the heat transported by advection across the surface of the control volume, 

m˙ is the mass rate transporting heat across the surface of the control volume, and h is the 

enthalpy of the mass crossing the surface of the control volume. Similarly to temperature, 

enthalpy has an arbitrary reference point which is the same for all enthalpies considered. 

This equation recognizes that the temperature of the wire is uniform through its cross 

section. This hypothesis is quite accurate in GMAW except for the region surrounding the 

point of electrical contact between the wire and the contact tip, which might experience 

significant local gradients, especially with pulsed current, but this is not a problem 

because the control volume can be considered to start far upstream from the point of 

contact, and the exit part of the control volume is also far from the contact point. The 

hypothesis of uniform temperature might not be accurate in the exit region of the control 

volume in the case of tubular wires (e.g. MCAW, FCAW), in which the heat generated in 

the sheath might not propagate to the core of the wire by the time melting is reached. 

Considering that the temperature of the wire is uniform across its cross section as it 

enters the control volume, the heat into the control volume by advection is 

𝑞𝑎𝑑𝑣𝑖𝑛 = �̇�𝐶ℎ𝐶       (53) 

where hC is the enthalpy of the wire at the temperature it enters the control volume 

(typically room temperature). 

The heat out of the control volume by advection is 

𝑞𝑎𝑑𝑣𝑜𝑢𝑡 = 𝑞𝑀𝐶 + 𝑞𝑉      (54) 

where qMC is the energy lost as molten metal in the form of droplets and spatter, and qV is 

the energy lost as metal vapors. 

Considering the average temperature of the molten metal exiting the control volume we 

obtain 
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𝑞𝑀𝐶 = �̇�𝑀𝐶ℎ𝑀𝐶       (55) 

where hMC is the average enthalpy of the molten metal, i.e. the average droplet 

temperature and spatter from the electrode assuming it exits at the same temperature of 

the droplet. The heat carried out by the metal vapors is 

𝑞𝑉 = �̇�𝑉ℎ𝑉       (56) 

where hV is the average enthalpy of the metal vapors. 

Replacing into Eq. 17 we obtain 

 𝑞𝑎𝑑𝑣𝑜𝑢𝑡 = �̇�𝐶ℎ𝐶 − �̇�𝑀𝐶ℎ𝑀𝐶 − �̇�𝑉ℎ𝑉                                    (57) 

Using Eq. 7 we can write 

 𝑞𝑎𝑑𝑣𝑡𝑜𝑡 = −[�̇�𝐶(ℎ𝑀𝐶 − ℎ𝐶) + �̇�𝑉(ℎ𝑉 − ℎ𝑀𝐶)]                           (58) 

This equation means that the overall effect of advection takes thermal energy away 

from the control volume, and that the energy exiting has two components: first, the 

amount of heat used to raise the wire temperature from its starting temperature in solid 

state to the average temperature of the molten metal at the electrode tip, and the second 

component is the amount of energy needed to vaporize a (small) fraction of the 

consumable. This vaporization is the main source of the undesirable welding fumes and 

black deposits on the base metal when using Al-Mg consumables. 

Enthalpies associated with melting the wire 

Fig. 6 illustrates the enthalpies associated with metal from the wire, from the moment it 

leaves the spool to the moment is molten or evaporated. 

 

Fig. 6 Enthalpies associated with melting the wire in GMAW 
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The wire leaves the spool at temperature Tspool, typically the temperature of the 

environment, of the order of 20◦C in a workshop. The wire enters the control volume with 

enthalpy hC, corresponding to TC. Typically, there is no preheating of the wire before it 

reaches the contact tip; so under normal conditions 

𝑇𝐶 = 𝑇𝑠𝑝𝑜𝑜𝑙       (59) 

where the enthalpy corresponding to TC is hC. As the wire heats up inside the control 

volume, enthalpy increases in the form of sensible heat associated with a specific heat, 

and latent heat associated with transformations such as melting and solid state 

transformations such as austenization in steel wires. By the time the droplet (or spatter) 

exits the control volume, the average enthalpy of the molten metal is hMC, associated with 

temperature TMC, which is of the order of 2500◦C in steel and 2200◦C in aluminum wires 

[13,14,37,38]. 

Enthalpies associated with vaporization 

The metal vapors exit the control volume at the same temperature of the surface of the 

droplet, it is not necessary to reach boiling temperature to evaporate; however, the latent 

heat of vaporization is still present and must be accounted for. Accounting for the mass 

rate of the different alloying elements (equation 22), Eq. 56 can be rewritten as 

𝑞𝑉 = ∑ �̇�𝑉𝑗𝑗 ℎ𝑉𝑗       (60) 

and the average enthalpy of metal vapors can then be calculated as 

ℎV =
∑ �̇�v𝑗ℎV𝑗𝑗

�̇�V
       (61) 

For each evaporating alloying element, its enthalpy can be calculated as 

ℎ𝑉𝑗 − ℎ𝑀𝐶 = (ℎ𝑀𝐶𝑠𝑢𝑟 − ℎ𝑀𝐶) + (ℎ𝑉𝑗 − ℎ𝑀𝐶𝑠𝑢𝑟)    (62) 

where hVj and hMCsur correspond to the temperature of the surface of the droplet, and their 

magnitude is the latent heat of vaporization of metal vapor j at the temperature TMCsur. 

Thus: 

ℎ𝑉𝑗 − ℎ𝑀𝐶𝑠𝑢𝑟 = ℎ𝑙𝑔 (63) 

where hlgj is tabulated, typically at the boiling temperature at atmospheric pressure. The 

dependence of latent heat of vaporization with the temperature of vaporization is 

negligible, and seldom tabulated. Equation 58 can then be rewritten as  

𝑞𝑎𝑑𝑣𝑡𝑜𝑡 = −�̇�𝐶(ℎ𝑀𝐶 − ℎ𝐶) − �̇�𝑉[ℎ𝑙𝑔 + (ℎ𝑀𝐶𝑠𝑢𝑟 − ℎ𝑀𝐶)]              (64) 

Where ℎ𝑙𝑔 is the average enthalpy of vaporization for all metal vapors: 
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ℎ𝑙𝑔 ≈
∑ �̇�𝑉𝑗ℎ𝑙𝑔𝑗𝑗

�̇�𝑉
         (65) 

Practical expression of enthalpies for calculations 

In welding, metals experience transformations in solid state, melting, and vaporization; 

for this reason, it is not practical to calculate enthalpies based on tabulated specific and 

latent heats. We can take advantage of the fact that in welding, metals start in solid state 

at temperatures typically not far from room temperature, and melt to relatively high 

temperatures, but in a relatively narrow range. We can select 

 𝑇𝐶𝑟𝑒𝑓 = 20°𝐶        (66) 

as reference temperature in the solid for all metals. The temperature TMCref is the reference 

temperature for the molten metal. For steel we will use 2500◦C, for Aluminum 2200◦C. 

For other alloys we will use a round number close to 0.9Tboil, where the temperatures must 

be in K, and Tboil is the boiling temperature of the base element of the alloy. If more than 

one element can be considered the solvent (because they have similar amounts in the 

alloy), we will choose the one with lower boiling temperature. 

The reference temperatures correspond with the enthalpies hrfsol and hMCref, with the 

following enthalpy change: 

ℎ𝑀𝐶𝑟𝑒𝑓 − ℎ𝐶𝑟𝑒𝑓 = ∆ℎ𝑟𝑒𝑓      (67) 

Because the reference temperatures are close to the actual temperatures involved, all 

latent heats associated with melting and phase transformations are included in ∆href. The 

difference between ∆href and the factor (hMC − hC) required in Eq. 64 is due only to 

sensible heats, which are captured accurately near the reference points by the 

corresponding specific heats of solid and liquid cC and cMC evaluated at the reference 

temperatures. This way: 

ℎ𝑀𝐶 − ℎ𝐶 ≈ ∆ℎ𝑟𝑒𝑓 + 𝑐𝑀𝐶  (𝑇𝑀𝐶 − 𝑇𝑀𝐶𝑟𝑒𝑓) − 𝑐𝐶(𝑇𝐶 − 𝑇𝐶𝑟𝑒𝑓) (68) 

Similarly, (hMCsur − hMC) required in Eq. 64, can be estimated as 

ℎ𝑀𝐶𝑠𝑢𝑟 − ℎ𝑀𝐶 ≈ 𝑐𝑀𝐶(𝑇𝑀𝐶𝑠𝑢𝑟 − 𝑇𝑀𝐶)    (69) 

Using the accurate approximations above, the exact calculation of overall heat 

transferred by advection (equation 58) can be expressed as: 

𝑞𝑎𝑑𝑣,𝑡𝑜𝑡 ≈ −�̇�𝐶[∆ℎ𝑟𝑒𝑓 + 𝑐𝑀𝐶(𝑇𝑀𝐶 − 𝑇𝑀𝐶𝑟𝑒𝑓) − 𝑐𝐶(𝑇𝐶 − 𝑇𝐶𝑟𝑒𝑓)] − �̇�𝑉[ℎ𝑙𝑔 +

                                                                                                               𝑐𝑀𝐶(𝑇𝑀𝐶𝑠𝑢𝑟 − 𝑇𝑀𝐶)]  (70) 

where the first term on the right of the equation accounts by the energy absorbed by the 

molten consumable, and the second term accounts for the energy absorbed by 

vaporization. For then experiments performed in steels, vaporization absorbs less than 

1.5% of the total energy, while in aluminum the amount of energy absorbed by the vapors 
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is about 6% in average, reaching just above 10% in some cases. There is no large 

difference in the energy absorbed for different alloys. 

Experiments show that the temperature of the molten metal in the droplet is fairly 

uniform [39], such that the temperature of the surface of the droplet where evaporation 

occurs is not far from the average temperature of the droplet. Because the gradient inside 

the droplet can be expected to be shallow, the term containing the factor (TMCsur − TMC) is 

typically negligible. 

HEAT FROM ARC COLUMN 

In the heat exchange between the arc and the electrode, convection dominates over 

radiation. 

𝑞𝐴𝐶,𝐶 = ℎ𝐴𝐶,𝐶𝐴𝐴𝐶,𝐶(𝑇𝐴𝐶𝑀𝐶 − 𝑇𝑀𝐶𝑠𝑢𝑟𝑓)     (71) 

This exchange happens at the area of attachment of the arc to the electrode, which in 

the case of globular transfer can be estimated using Eq. 20, and for the case of spray 

transfer will be approximate as the area of the droplet using Eq. 50. 

The estimation of convection coefficient is typically based on tabulations of the 

Nusselt number. In this case, the Nusselt number can be approximated using the heat 

transfer correlation for a sphere in an external flow [30], similarly as it was done for mass 

transfer: 

ℎ𝐴𝐶,𝐶 =
𝑘𝐴𝐶𝑀𝐶𝑁𝑢𝐴𝐶,𝐶

𝑑𝑀𝐶
       (72) 

𝑁𝑢𝐴𝐶,𝐶 = 2 + 0.6𝑅𝑒𝐴𝐶
1
2⁄ 𝑃𝑟𝐴𝐶
1
3⁄       (73) 

𝑃𝑟𝐴𝐶 =
𝜈𝐴𝐶

𝛼𝐴𝐶
         (74) 

For the plasma properties, the temperature considered is the same as for the case of 

mass diffusion (5000 K for Ar). Tor the experiments performed, hAC,C is of the order of 

103 Wm−1K−1, νAC,C is between 5 and 8, indicating that advection dominates over 

conduction, but not by much. the value of Pr at 5000 K is approximately 0.6. 

HEAT FROM CONTACT TIP TO CONSUMABLE 

The consumable touches the contact tip typically at the entrance and at the exit of the 

contact tip. There is heat exchange through these two points of contact, and also between 

the inner surface of the contact tip bore and the outer surface of the consumable traversing 

through the contact tip. 

The two points of contact transfer heat differently. The contact at the exit of the contact 

tip carries the almost all the current, and experiences Joule heating related to the electrical 

resistance of contact. The contact at the entrance of the contact tip experiences negligible 
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Joule heating, and its heat exchange is included in the calculation of heat exchange 

between the surfaces of the contact tip and wire. Thus 

𝑞𝐶𝑇,𝐶 = 𝑞𝐶𝑇,𝐶𝑐𝑜𝑛𝑡 + 𝑞𝐶𝑇,𝐶𝑔𝑎𝑝      (75) 

where qCT,C is the total heat exchanged between the contact tip and the consumable, 

qCT,Ccont is the heat exchange by contact at the exit of the contact tip, and qCT,Cgap is the 

heat exchanged across the gap between the inner surface of the contact tip bore and the 

outer surface of the electrode. For the experiments performed, qCT,C is of the order of 30 

W, qCT,Ccont is only a fraction of qCT,Cgap, of the order of 15% or less for the case of 

aluminum alloys, and up to 50% in the case of steels. In aluminum, the flow of qCT,Ccont is 

estimated to be from the hot contact to the electrode; however, in steels, the consumable 

at the point of contact can be very hot, and qCT,Ccont flows from the electrode towards the 

contact tip. 

Heat by conduction across the main point of electrical contact 

Both the wire and the contact tip are locally hotter at the main point of electrical 

contact; however these peak temperatures are different, causing heat to be transferred 

across the main point of electrical contact. While the peak temperature of the consumable 

at the electrical contact can be substantially higher than the temperature of the spool, in 

the absence of intense pulsing, we will assume that the contact tip is at an approximately 

uniform temperature. 

Assuming that the contact tip is hotter than the consumable at the point of electrical 

contact, the heat transferred across the contact is 

𝑞𝐶𝑇,𝑐𝑜𝑛𝑡 =
 𝑇𝐶𝑇−𝑇𝐶𝑐𝑜𝑛𝑡
ℛ𝐶𝑇,𝐶𝑐𝑜𝑛𝑡

       (76) 

where ℛ𝐶𝑇,𝐶𝑐𝑜𝑛𝑡  is the thermal resistance of contact between consumable and the contact 

tip, TCT is the temperature of the contact tip (assumed uniform, typically 350°C [40,41]), 

and TCcont is the temperature of the consumable at the point of electrical contact. 

To calculate the thermal resistance of contact, we can consider only the dominant 

component, which is conduction through asperities, neglecting the conduction and 

radiation through the air in the gaps. In this case, an analogy can be established between 

the electrical and thermal contact resistances, based on the fact that both contact 

resistances share the same geometric features at the point of contact. Thus: 

ℛ𝐶𝑇,𝐶𝑐𝑜𝑛𝑡 =
𝑘𝐶𝑇
−1+𝑘𝐶
−1

𝜚𝐶𝑇+𝜚𝐶
𝑅𝐶𝑇,𝐶𝑐𝑜𝑛𝑡      (77) 

Considering the properties of Table 1, and a representative contact resistance of 1 mΩ 

for copper coated consumables and aluminum, Equation 77 indicates a thermal contact 

resistance at the point of electrical contact of 87 KW−1 for copper coated consumables, 

and 76 KW−1 for aluminum consumables. 

The temperature of the consumable at the point of contact can be estimated 

approximately as 
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𝑇𝐶𝑐𝑜𝑛𝑡 = 𝑇𝐶 +ℛ𝐶𝑐𝑜𝑛𝑡𝑞𝐶𝑐𝑜𝑛𝑡      (78) 

where qCcont is the amount of Joule heating generated on the consumable at the point of 

contact, calculated in Eq. 84 below. 

Table 1 Thermal and electrical properties of the contact tip and consumables 

 

The thermal resistance of the consumable at the main point of electrical contact can be 

estimated using the distributed moving heat source analysis in [45]: 

ℛ𝐶𝑐𝑜𝑛𝑡 = 1.13 
1

𝑘𝐶
√
𝛼𝐶

𝐿𝑐𝑜𝑛𝑡
3 𝑈𝐶

      (79) 

where RCcont is the thermal resistance of the consumable at the area of contact, based 

on the maximum temperature of the consumable at the area of contact TCcont, a square 

contact, and a uniform distribution of heat flux at the point of contact. The parameter UC 

is wire feed speed, Lcont is the side length of the square that defines the area of contact, and 

kC and αC are the thermal conductivity and diffusivity of the consumable at a temperature 

representative of the area of contact. The thermal resistance of a moving heat source 

involves the penetration of heat under the surface of the consumable to depths much 

larger than the thickness of a copper coating, thus the effect of copper coating will be 

neglected. The value of RCcont has little dependence (less than 25%) on the exact shape of 

the area of contact or the distribution of heat, so the assumption of a square contact or 

uniform heat flux are not critical for this analysis. For the experiments performed, the 

value of RCcont did not vary much, with an average around 20 KW−1 for steels, and 12 

KW−1 for aluminum consumables. 

The maximum temperature of the consumable at the contact point is important, because 

if there is localized melting the consumable can weld itself to the contact tip and cause 

very fast degradation of the contact tip. This problem is especially relevant in the case of 

pulsed current, where the peak current can be very high (resulting in high qCcont), and the 

wire feed speed is relatively low for that high current (resulting in high RCcont). For the 

experiments performed, TCcont was estimated to range between 240°C and 800°C for 

steels, and 65°C and 400°C in aluminum consumables.A reasonable intermediate choice 

for temperature at which to evaluate the consumable properties is the average between the 

maximum temperature at the area of contact and the consumable temperature TCcont,ave 

calculated as: 

𝑇𝐶𝑐𝑜𝑛𝑡,𝑖𝑛𝑡𝑒𝑟 = 𝑇𝐶 + 0.5(�̂�𝐶𝑐𝑜𝑛𝑡 − 𝑇𝐶)      (80) 
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Where �̂�𝐶𝑐𝑜𝑛𝑡 is obtained from Eq. 79 and Eq. 78 using the consumable properties 

corresponding to TC. The size of Lcont depends on the consumable size, the gap with the 

contact tip, the pressure at the point of contact (related to the cast of the wire), and the 

amount of wear; a reasonable estimate based on experience is 

𝐿𝑐𝑜𝑛𝑡 = 0.4𝑑𝐶         (81) 

The flow of heat qCT,Ccont is quite small for two reasons. First, the thermal resistance at 

the point of sliding contact is substantially higher than the thermal resistance of the wire. 

Also, because the temperature difference between the contact tip and the surface of the 

consumable is small. The small value of qCT,Ccont allows the calculation of TCcont in Eq. 78 

neglecting the heat flux by contact. 

Heat across the gap between contact tip and consumable 

Outside the main point of electrical contact, the contact tip and the consumable will 

exchange energy by radiation and conduction across the thin gap between them. 

Assuming that the contact tip is hotter than the consumable at the point of electrical 

contact, the heat transferred across the contact is 

𝑞𝐶𝑇,𝐶𝑔𝑎𝑝 =
𝑇𝐶𝑇−𝑇𝐶

ℛ𝐶𝑇,𝐶𝑔𝑎𝑝
       (82) 

where TC is the temperature of the consumable outside the point of electrical contact and 

ℛ𝐶𝑇,𝐶𝑔𝑎𝑝is the thermal resistance of the gap between consumable and the contact tip and 

can be estimated as 

ℛ𝐶𝑇,𝐶𝑔𝑎𝑝 =
1

𝜋2
Δ𝑑𝐶𝑇,𝐶

𝑑𝐶𝐿𝐶𝑇𝑘𝑔𝑎𝑝
       (83) 

where ∆dCT,C is the difference in diameters between the consumable and the bore in the 

contact tip, dC is the diameter of the consumable, LCT is the length of the contact tip bore, 

and kgap is the thermal conductivity of the fluid in the gap between the consumable and the 

contact tip bore (typically air). A representative value of ℛ𝐶𝑇,𝐶𝑔𝑎𝑝 is 10 K W −1. A 

representative temperature for the consumable is 20°C, and for the contact tip 350°C 

[40,41], resulting in a heat rate qCT,Cgap ≈ 30 W. 

JOULE HEATING GENERATED AT THE MAIN POINT OF ELECTRICAL CONTACT 

The Joule heating generated at the point of electrical contact can be estimated as 

𝑞𝐶𝑐𝑜𝑛𝑡 = 𝑓𝐶𝑐𝑜𝑛𝑡𝑞𝑐𝑜𝑛𝑡𝐽𝑜𝑢𝑙𝑒      (84) 

where qcontJoule is the total amount of Joule heating generated at the main point of electrical 

contact, and fCcont is the fraction of that heat absorbed by the consumable. This overall 

heat generated at the point of contact is calculated as 
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𝑞𝑐𝑜𝑛𝑡𝐽𝑜𝑢𝑙𝑒 = 𝐼
2𝑅𝑐𝑜𝑛𝑡       (85) 

where I is the RMS current, and Rcont is the contact resistance at the point of sliding 

contact, typically of the order of 1 mΩ. Assuming that the geometry of electrical 

conduction through the asperities is symmetrical across the line of contact between the 

contact tip and then consumable, the fraction of overall Joule heating generated at the 

contact by the consumable is 

𝑓𝐶𝑐𝑜𝑛𝑡 =
𝜚𝐶𝑐𝑜𝑛𝑡,𝑎𝑣𝑒

𝜚𝐶𝑐𝑜𝑛𝑡,𝑎𝑣𝑒+𝜚𝐶𝑇
       (86) 

where 𝜚𝐶𝑐𝑜𝑛𝑡,𝑎𝑣𝑒is the electrical resistivity of the consumable surface at the average 

temperature at the point of contact. For a square contact with a uniform heat distribution, 

the average surface temperature is [45]: 

𝑇𝐶𝑐𝑜𝑛𝑡,𝑎𝑣𝑒 = 𝑇𝐶 + 0.667(𝑇𝐶𝑐𝑜𝑛𝑡 − 𝑇𝐶)     (87) 

Typical values of fCcont are 0.44 for copper coated wires, 0.88 for non-coated steel 

wires, and 0.63 for aluminum wires. 

JOULE HEATING FROM ELECTRODE EXTENSION 

The energy generated at the electrode extension by Joule heating (qEE) can be calculated 

as 

𝑞𝐸𝐸 =
𝜚𝑒𝑓𝑓𝐿𝐼

2

𝐴𝐶
       (88) 

where 𝜚𝑒𝑓𝑓 is the effective resistivity of the electrode extension, L is the length of the 

electrode extension (time averaged for globular), and Ac the cross-sectional area of the 

wire. Following [46], the electrode extension is considered the length of electrode 

between the exit point of the contact tip and the point of arc attachment illustrated in Fig. 

5. The effective resistivity in typical conditions can be calculated with accuracy using the 

expressions in [15]: 

𝜚𝑒𝑓𝑓 = 𝜚0𝑀1 [2
𝛾−1

𝑏(1−𝛾)+𝑑(1+𝛾)
]       (89) 

𝑀1 =
𝜌∆ℎ0,𝑠𝑜𝑙𝑈𝐶𝐴𝐶

2

𝜚0𝐼
2𝐿

       (90) 

𝛾 = 𝑒𝑥𝑝(𝑑/𝑀1)       (91) 

𝑑 = √𝑏2 − 4𝑎       (92) 
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𝑎 = −4∆𝜚2/𝜚0       (93) 

𝑏 = (∆𝜚1 + 4∆𝜚2)/𝜚0      (94) 

where 𝜚0 is the electrical resistivity at the wire spool temperature (assumed 20°C), ∆𝜚1 is 

the variation in resistivity between the spool temperature and solidus, ∆𝜚2 is the 

maximum departure from linear in the variation in resistivity, indicated with vertical 

segments in Fig. 7, using aluminum alloys as examples. The symbol ρ corresponds to the 

wire density at room temperature, ∆ℎ0,𝑠𝑜𝑙 is the variation in enthalpy between spool 

temperature and solidus, Ac is the cross sectional area of the wire, based on wire diameter 

dc, and L is the length of electrode extension. The value of 𝜚𝑒𝑓𝑓 varies only slightly with 

the operating conditions for aluminum, between 3.0 10−8 Ωm and 3.5 10−8 Ωm for all 

aluminum alloys under all conditions, and varying more widely in ER80S-G, from 2.6 107 

Ωm to 4.5 107 Ωm. 

 

Fig. 7 Electrical resistivity of aluminium alloys tested 

HEAT FROM OVERALL FALL VOLTAGE 

Most of the heat that melts the electrode comes from the overall fall voltage at the 

electrode often captured as: 

𝑞𝑒𝑙𝑒𝑐𝑜𝑣𝑒𝑟 = 𝐼𝑉𝑒𝑙𝑒𝑐𝑜𝑣𝑒𝑟        (95) 
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Where 𝑉𝑒𝑙𝑒𝑐𝑜𝑣𝑒𝑟  depends only weakly on the welding current. Typically the electrode is 

positive, making the electrode an anode. In this case, the anode voltage consists of three 

components 

𝑉𝑒𝑙𝑒𝑐𝑜𝑣𝑒𝑟 = 𝑉𝑎𝑛𝑜𝑣𝑒𝑟 = 𝑉𝑎𝑛𝑓𝑎𝑙𝑙 + 𝜙𝑎𝑛 +
3

2

𝑘𝐵

𝑒
𝑇𝐴𝐶𝑀𝐶     (96) 

where 𝑉𝑎𝑛𝑓𝑎𝑙𝑙 is typically called the “anode fall,” associated with the non-equilibrium 

parts of the plasma, φan is the work function of the anode material (the surface of the 

consumable over the area of arc attachment), and the last term captures the energy 

deposited by the electrons as they condense on the electrode. The temperature 𝑇𝐴𝐶𝑀𝐶  is the 

temperature of the electrons that deposit on the electrode, of the order of 7300 K for Ar. 

The work function is a measure of the energy required to extract an electron from the 

surface of a solid or liquid cathode. The work function is not a characteristic of a bulk 

material, but a property of the surface of the material. The work function of crystalline 

metals often varies by about 10% between different surfaces of the same single crystal, 

and the work function of molten metal is undistinguishable from that of polycrystalline 

solid [47]. A reasonable approximation for the effective work function of an alloy (𝜙𝑒𝑓𝑓) 

can be obtained by using the rule of mixtures: 

𝜙𝑒𝑓𝑓 = ∑ 𝑓𝑚𝑜𝑙𝑖𝜙𝑖𝑖  (97) 

Where 𝑓𝑚𝑜𝑙𝑖 is the molar fraction of alloying component i on the surface, and 𝜙𝑖  is its 

corresponding work function. The effective work function is often undistinguishable from 

that of the base alloy element. The anode voltage fall is influenced by the size of the arc 

attachment, the plasma velocity around it, and the presence of metal vapors. 

Fig. 8 illustrates the anode fall voltages associated with the experiments performed. 

The markers correspond to each experiment performed, and the trendlines are two-point 

moving averages. The lowest horizontal line corresponds to 
3

2

𝑘𝐵

𝑒
𝑇𝐴𝐶𝑀𝐶  in Equation 96 for 

7300 K (0.944 V). The multiple closely-packed horizontal lines correspond to 𝜙𝑎𝑛 +
3

2

𝑘𝐵

𝑒
𝑇𝐴𝐶𝑀𝐶 . The small dispersion is due to the different estimated work functions for the 

different alloy compositions. It can be seen that consumable composition does not change 

the effective work function far from the value of the solvent. The difference between the 

trendlines and the highest horizontal lines corresponds to 𝑉𝑎𝑛𝑓𝑎𝑙𝑙, which varies from -1 V 

to 2 V in the current interpretation of results. The negative value is unlikely, and is 

discussed in the Discussion section. 

HEAT GENERATION AT THE MOLTEN CONSUMABLE 

The electrode extension ends at the droplet in globular transfer, and at the attachment of 

the arc in spray transfer (which is approximately coincident with the start of melting). 

This section beyond the electrode extension will be called the “molten consumable” 

section. Current flowing thorough the molten consumable section generates heat that can 

be calculated as 

 𝑞𝑀𝐶𝐽𝑜𝑢𝑙𝑒 = 𝐼
2𝑅𝑀𝐶       (98) 
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In globular transfer the resistance can be estimated assuming the path of current inside 

the current is a truncated cone, from the electrode cross section to the arc attachment. The 

shape of the droplet changes as it grows, and a time average of this resistance results in 

 𝑅𝑀𝐶𝑔𝑙𝑜𝑏 =
3

4

𝜚𝑀𝐶𝑑𝑀𝐶

𝐴𝐶

𝑑𝐶

2𝐿𝐴𝐶,𝑀𝐶
          (99) 

where the ratio on the right of the equation is typically not far from 1. 

 

 

Fig. 8 Anode fall estimated in experiments performed. Markers indicate independent 

measurements, and trendlines correspond to a moving average of two points. 
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In spray transfer, the tapered electrode can be approximated as having a length of the 

order of the electrode diameter, and a thickness of the neck of the order of half an 

electrode diameter. Because much current flows through the taper, and the droplet is 

completely enveloped by the arc, it will be considered that only the taper contributes to 

Joule heating, resulting in 

 𝑅𝑀𝐶𝑠𝑝𝑟𝑎𝑦 = 2
𝜚𝐶𝑑𝐶

𝐴𝐶
      (100) 

where the resistivity of the consumable corresponds to the melting temperature. Equations 

99 and 100 can be blended as an approximation, resulting in 

𝑅𝑀𝐶 = 𝑅𝑀𝐶𝑔𝑙𝑜𝑏 +
𝑅𝑀𝐶𝑠𝑝𝑟𝑎𝑦−𝑅𝑀𝐶𝑔𝑙𝑜𝑏

1+(
𝑑𝑀𝐶
𝑑𝐶
)
𝑛     (101) 

where the value of n is determined empirically. A reasonable value is n = 4.248, which 

results in a 95% approximation to the asymptotic value when the droplet diameter is twice 

or half that of the consumable. Typical values of 𝑅𝑀𝐶𝑔𝑙𝑜𝑏  are of the order of 1 mΩ for 

steels and 0.3 mΩ for aluminum, and typical values of 𝑅𝑀𝐶𝑠𝑝𝑟𝑎𝑦  are approximately a third 

of those. 

DISCUSSION 

This analysis indicates confirms previous findings in [8] that the electrode extension is 

not influential in aluminum consumables, and that the higher in deposition rate in Mg-

containing aluminum alloys are due to their lower droplet temperature, and not their 

higher resistivity. 

This analysis also confirms the hypothesis of [3] in which heat losses by evaporation 

are small, of the order of 100 W or lower. This small value is still important for an 

accurate determination of anode fall voltage. 

The main source of error in this analysis is associated with the geometry of the 

electrode tip. A systematic study with high-quality images is necessary to provide an 

appropriate description of electrode geometry. For droplet detachment frequency 

measurements, it is recommended to measure the time between a large number of 

detachments observed in a video capture; for 10 detachments the error would be of the 

order of 10%, and for 100 detachments, of the order of 1%. The determination of 

frequency can be accelerated with the use of machine learning, as described in [48]. 

The negative values of anode fall voltage obtained in Fig. 8 for the globular range are 

unlikely. One possible source of this surprising result is that evaporation in the globular 

regime is underestimated. The hypothesis of uniform droplet temperature might need to 

be reassessed accounting for higher temperatures at the bottom of the droplet, as 

originally proposed in [49]. 

The analysis presented can be extended in a straightforward way to other alloys such as 

stainless steels to estimate the rate of evaporation of Cr. It can also be extended without 

much difficulty to other wire-based processes such as SAW, FCAW, and MCAW, and 
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can constitute the basis for an analysis of SMAW. This extension is not without 

challenges, but the theoretical basis is established. 

CONCLUSIONS 

This work presents a complete mass and energy balance of GMAW with solid wire. For 

the first time, the mass transfer associated with evaporation of a real alloy and its many 

elements is considered. In contrast with most previous work in which only Langmuir-type 

evaporation is considered, the resistance to mass transfer in the liquid and gas phases is 

considered, and it is found that the dominant mechanism in alloy evaporation is diffusion 

in the gaseous boundary layer. This conclusion is novel and provides explanations to 

observed phenomena such as the increased fume formation when using reactive gases, 

which reduce the thickness of the boundary layer. 

The value of the anode fall in spray transfer is determined to be of the order of 1 V to 2 

V both in steel and aluminum alloys. The estimated value of anode fall voltage in globular 

transfer varies from -1 V to 2 V. The low and negative values are likely due to the 

underestimation of evaporation in the globular regime. 

This analysis, together with the estimation of anode fall voltage, provides a general 

way of estimating deposition rate and fume formation rate in any alloy, not just steels and 

aluminum. This capability is important especially in the field of additive manufacturing, 

in which new alloys uncommon in welding are explored, and understanding of deposition 

rate is essential for controlling layer height. 
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